The presence of growth-induced solid stresses in tumors has been suspected for some time, but these stresses were largely estimated using mathematical models. Solid stresses can deform the surrounding tissues and compress intratumoral lymphatic and blood vessels. Compression of lymphatic vessels elevates interstitial fluid pressure, whereas compression of blood vessels reduces blood flow. Reduced blood flow, in turn, leads to hypoxia, which promotes tumor progression, immunosuppression, inflammation, invasion, and metastasis and lowers the efficacy of chemo-, radio-, and immunotherapies. Thus, strategies designed to alleviate solid stress have the potential to improve cancer treatment. However, a lack of methods for measuring solid stress has hindered the development of solid stress-alleviating drugs. Here, we present a simple technique to estimate the growth-induced solid stress accumulated within animal and human tumors, and we show that this stress can be reduced by depleting cancer cells, fibroblasts, collagen, and/or hyaluronan, resulting in improved tumor perfusion. Furthermore, we show that therapeutic depletion of carcinoma-associated fibroblasts with an inhibitor of the sonic hedgehog pathway reduces solid stress, decompresses blood and lymphatic vessels, and increases perfusion. In addition to providing insights into the mechanopathology of tumors, our approach can serve as a rapid screen for stress-reducing and perfusion-enhancing drugs.
tumor microenvironment | desmoplastic tumors | pancreatic ductal adenocarcinoma | mathematical modeling | sonic hedgehog pathway E levated interstitial fluid pressure (IFP) and solid stress are hallmarks of the mechanical microenvironment of solid tumors (1) . IFP is the isotropic stress (i.e., applied equally in all directions) exerted by the fluid, whereas solid stress is exerted by the nonfluid components. In 1950, the work by Young et al. (2) provided the first measurements of IFP in tumors growing in rabbits and found it to be elevated compared with IFP in normal testicular tissue. However, the implications of this interstitial hypertension for tumor progression and treatment were not fully revealed for nearly four decades. In 1988, we developed a mathematical model that showed that IFP is uniformly elevated throughout the bulk of a tumor and precipitously drops to normal values in the tumor margin, causing a steep pressure gradient (3, 4) . Based on the model's results, we predicted that diffusion rather than convection would be the dominant mode of transport within tumors because of nearly uniform pressure within the tumor. Furthermore, we predicted that the steep pressure gradients in the periphery would cause fluid leaking from the blood vessels located in the tumor margin-but not from the vessels in the tumor interiorto ooze into the surrounding normal tissue. This oozing fluid would facilitate transport of growth factors and cancer cells into the surrounding tissue-fueling tumor growth, progression, and lymphatic metastasis. In subsequent years, we confirmed these predictions about IFP experimentally in both animal models and human tumors (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . Moreover, we revealed the key mechanisms leading to the elevated IFP-high vascular permeability coupled with mechanical compression of downstream blood vessels and draining lymphatic vessels (16) (17) (18) . We also posited that the high vascular permeability would cause flow stasis in tumor vessels, further compromising drug delivery (19, 20) .
Realizing the adverse consequences of abnormal function of tumor vessels, we proposed that the judicious application of antiangiogenic agents would normalize tumor vessels and improve their function. Specifically, the decreased vascular permeability would decrease IFP and increase blood flow in previously static blood vessels, thereby increasing drug delivery and treatment efficacy of a number of therapies (1, 21, 22) . We and others have provided compelling evidence in support of this therapeutic strategy in both animal and human tumors (14, (22) (23) (24) (25) (26) (27) . More crucially, we have shown that the extent of vascular normalization and the resulting increase in tumor blood perfusion correlate with increased survival of brain tumor patients receiving antiangiogenic therapy (28, 29) . Understanding the causes and consequences of vessel leakiness and elevated IFP enabled us to find a clinically translatable strategy to improve the treatment outcome (22) . However, vascular normalization by antiangiogenic agents can only improve the function of vessels that have an open lumen and are not compressed by solid stress. Thus, a better understanding of the solid stress present in tumors is needed to develop new therapies and further improve treatment outcome.
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Conflict of interest statement: R.K.J. received research grants from Dyax, MedImmune, and Roche; received consultant fees from Dyax, Enlight, Noxxon, and SynDevRx; owns equity in Enlight, SynDevRx, and XTuit; and serves on the Board of Directors of XTuit and Board of Trustees of H&Q Healthcare Investors and H&Q Life Sciences Investors. No reagents or funding from these companies were used in these studies. Therefore, there is no significant financial or other competing interest in the work. because the proliferating cancer cells strain nearby structural elements of tumor and normal tissues. Some of the stress within the tumor is contributed by reciprocal forces from the surrounding normal tissue; the rest is stored within cells and matrix components of the tumor, and thus, it persists after the tumor is excised and external loads are removed. This stored stress is referred to as growth-induced solid or residual stress (30) . By compressing blood and lymphatic vessels and creating hypoxia and interstitial hypertension, these solid stresses contribute to tumor progression and resistance to various treatments (1) .
Because there were no simple techniques available to measure solid stresses in tumors in vivo, initially, we relied on in vitro studies and mathematical models. In 1997, we provided estimates of the magnitude of solid stresses in tumor spheroids, which represent an avascular phase of a tumor (31) . We found that an external stress applied to a tumor spheroid inhibits tumor growth by decreasing proliferation and increasing apoptosis. In addition, the external stress field determines the shape of the spheroid. Using material properties of tumor tissue measured independently, we estimated the maximum magnitude of the solid stress to be in the range of 45-120 mmHg (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . In 2009, we provided a more accurate measurement of the growth-induced stress and found it to be 28 mmHg (3.7 kPa) (32) . More recently, we have shown that the mechanical stress can also directly increase cancer cell invasion, aiding tumor progression (33) .
Given the importance of solid stresses in tumor progression and treatment and lack of any in vivo data, we developed a mathematical model for solid stress based on our previous model for IFP. The model predicted a uniform compressive circumferential stress at the center of the tumor and tensile circumferential stress at the periphery (34) . Moreover, the magnitude of the calculated compressive stress-comparable with the magnitude measured in spheroids (31, 32)-was large enough to compress vessels and nearby organs, obstruct large blood vessels with life-threatening consequences, or induce pain by pressing on nerves (18) . By performing in vivo experiments, we confirmed that cancer cells could compress and collapse their own blood and lymphatic vessels, and destroying cancer cells around vessels could, indeed, reopen them (17, 18) . However, whether other components of solid tumors contribute to the compressive stresses and how these components can be alleviated were not understood.
To this end, we develop a technique here to measure growthinduced solid stress in freshly excised human and animal tumors and investigate the effects of this stress on blood and lymphatic vessels. This technique involves measuring the extent of tissue relaxation after removing all external stresses and using these data to calculate the growth-induced solid stress with a mathematical model. We use this simple technique to show that solid stress is elevated in a range of murine and human tumors. Then, we use our technique to identify key components of tumorscancer cells, stromal cells, collagen, and hyaluronan-that contribute to the generation and accumulation of growth-induced solid stress in tumors. Finally, we show that therapeutic depletion of carcinoma-associated fibroblasts (CAFs) with an inhibitor of the sonic hedgehog pathway reduces solid stress, decompresses vessels, and increases perfusion.
Results

Mathematical Modeling Guides Development of Our Experimental
Technique. Growth-induced solid stress is extensively characterized in arterial, cardiac, and brain tissues (35) (36) (37) . These tissues can be excised in such a way to retain growth-induced stress; a subsequent cut of the excised tissue then releases the stress, and the tissue deforms in a measurable way. Using the material properties characterizing tissue stiffness, mathematical models can be used to calculate the stress from the measured deformations. We hypothesized that tumor growth must strain solid components within the tumor, storing growth-induced stress.
This stress is distinct from the solid stress that might be exerted on the tumor by the resistance of the confining normal tissue to the expansion of the tumor.
Acknowledging that tumors might be more fragile than these normal tissues, we set out to find the best way to make similar cuts to measure deformation and estimate growth-induced stresses in excised tumors. Using a computational model (details in SI Materials and Methods), we explored various modes of cutting and predicted the resulting deformations (Fig. 1) . Cutting spheroids into hemispheres resulted in perpendicular swelling that was too small to measure in a clinical setting (Fig. 1A) . Making a cut through an excised slab of tumor tissue produced measurable deformations (Fig. 1B) . However, this proved inconsistent in practice, because the process of excising the slab often released the growth-induced stress before the final cut could be made. In another simulation, the model predicted that a partial cut through the center of the tumor (80% of the diameter) would result in a measurable deformation (Fig. 1C) . The mode of deformation involves simultaneous swelling at the center and retraction at the boundary. These deformations arise from the model's assumption of compressive radial and circumferential stress in the center balanced by tensile circumferential stress at the boundary (34, 38) ( Fig. 1 D and E) . The release of this stress results in a significant In the tumor center, circumferential and radial stresses are compressive; in the periphery, radial stress is compressive, and circumferential stress is tensile (direction indicated with arrows). A partial cut through the center of the tumor (80% through the diameter) releases the stresses, and the tumor deforms in a measurable way. Compressive stresses in the tumor interior squeeze tumor components. After the tumor is cut and the stresses are released, the tumor interior decompresses (swells). (E) Spatial distribution of the circumferential growth-induced stress in an intact tumor and a tumor after making a cut. Compressive circumferential stresses at the tumor interior diminish, whereas tensile circumferential stresses at the periphery are also alleviated considerably.
gap or an opening at the location of the cut. Rigorous sensitivity analysis of the model (Figs. S1, S2, S3, S4 , S5, and S6) confirmed that this approach was robust.
Estimation of Growth-Induced Stress in Transplanted and Human
Tumors. To show that elevated growth-induced stress is a hallmark of solid tumors, we estimated growth-induced stress levels in tumors formed from nine different cancer cell lines implanted orthotopically in mice. We cut the tumors and measured the stress relaxation as the extent of tumor opening normalized to the diameter of the tumor (Fig. 2 A-C, Fig. S7 , and Movie S1). Additional cuts of the relaxed halves did not result in appreciable shape changes. The experimental deformations confirmed the main assumptions of the model-stress in the tumor interior is compressive, and it is balanced by tensile circumferential stress at the periphery (Fig. 1E) .
Calculation of growth-induced stress requires not only the extent of relaxation (normalized opening) but also the material properties of the tissue that characterize its stiffness. Thus, quantitative assessment of growth-induced stress requires material properties of each tumor analyzed. To calculate growth-induced stress, the experimentally measured tumor openings (Fig. 2C) were combined with previously measured or estimated material properties of tumor tissue (Table S1 ) and our mathematical model (details in SI Materials and Methods). From the material properties presented in Table S1 , the stiffness is related to the shear modulus μ.
Note that, although the U87 tumor exhibits similar extent of relaxation to the other tumor types (Fig. 2C and Fig. S7 ), it has much higher stress, because it is considerably stiffer than the other three tumors with stiffness that we measured previously (Tables S1 and  S2 ). It is possible that other tumors may be stiffer than these tumors. Model predictions established that the compressive growth-induced stress in the interior of murine tumors ranged from 2.8 to 60.1 mmHg (0.37-8.01 kPa) (Table S2 ). This finding is consistent with previous estimates of compressive stress in multicellular tumor spheroids in vitro, which fall in the range of 28-120 mmHg (3.7-16.0 kPa) (31, 32) .
Interestingly, the tumors with the highest stress exhibit the slowest growth rate (Table S2) . Additionally, the extent of relaxation increased linearly with tumor volume before reaching a plateau, but it did not correlate with tumor density (mass per unit volume), which remained constant as volume increased (Fig.  S8) . These results show that growth-induced stress accumulates with growth and that this stress is independent of tumor density. Using the same procedure, we confirmed that the kidneys (Movie S2) of mice did not open measurably. These results support our hypothesis that growth-induced stress is elevated in tumors compared with normal noncontractile organs.
After validating the existence of growth-induced solid stress in murine tumors, we tested whether growth-induced stress was similarly elevated in human specimens. We performed tumor relaxation measurements in 10 malignant, freshly excised human Table S3 . Normalized tumor opening is the tumor opening as a fraction of the initial tumor diameter. For nonspherical tumors, an equivalent diameter was used for a sphere that has the same volume as the volume of the tumors. Yellow columns represent breast tumors, green columns represent pancreatic tumors, blue columns represent melanomas, and maroon columns represent sarcomas.
tumors. All deformed similarly to the transplanted murine tumors (Fig. 2 B and D and Fig. S9 ). Assuming a conservative estimate for the material properties of the human tumors (i.e., to provide upper bounds for the stresses), the calculated stresses ranged from 16.4 to 142.4 mmHg (2.2-19.0 kPa) (Table S3) . Therefore, human tumors accumulate growth-induced stress similar to the tumors in our mouse models. After confirming that growth-induced solid stress is a general feature of solid tumors, we sought to identify tumor components that contribute to the generation and accumulation of stress.
Solid Stress Is Not Affected by IFP. Collapsed lymphatic and blood vessels are known to contribute to elevated IFP in tumors and not the other way around (9, 17, 18, 31) . Therefore, we hypothesized that solid stress would not be affected by IFP. To this end, we developed a methodology that measures solid stress independent of fluid pressure. Other techniques, such as piezoelectric probes (39) , measure a combination of solid stress and fluid pressure, making interpretation of results difficult. Indeed, measurements in the normal pancreas in situ using a piezoelectric probe were significantly higher than those measurements obtained by the wick-in-needle technique-an established technique to measure IFP (Table S4) . Furthermore, the piezoelectric probe reported higher values in the pancreas in situ vs. exteriorized pancreas, suggesting that stress from the surrounding organs in the abdomen contributes to these measurements. Using the wick-in-needle technique, we also confirmed that growth-induced solid stress, which is solely contained within and transmitted by solid structural components, is not affected by the IFP (Fig. S10 ).
Cancer and Stromal Cells Generate Growth-Induced Solid Stress. Because cancer cells are known to compress vessels (17, 18), we hypothesized that they contribute to the accumulation of growthinduced stress. Proliferating cancer cells exert force on other cells and surrounding structures; the force on nearby components causes them to deform, resulting in accumulation of solid stress.
Because depletion of cancer cells likely changes the material properties in addition to stresses, determination of growth-induced stress levels before and after depletion requires knowledge of the corresponding material properties. However, our original goal was to develop an easy to implement and simple method to determine whether stress levels change after a stressalleviating intervention. We recognized that, if two tumors shared the same stress level, a stiffer tumor would have less relaxation than a compliant one. Thus, after depletion of cancer cells, if compliant (i.e., treated) tumors open less than the more stiff control tumors, then we can conclude that cancer cell depletion reduces stress. The same principle applies to any other intervention that results in a reduction of stiffness.
To test this hypothesis, we depleted cancer cells and measured relaxation. In mice with orthotopic (human melanoma Mu89) or ectopic (human glioma U87) tumors (Fig. 3A and Fig. S11 ), we injected diphtheria toxin i.v. 24 h before tumor excision. We have shown previously that this treatment kills only human cells (18) . Depletion of cancer cells in Mu89 and U87 tumors reduced the tumor opening by 40% and 30%, respectively (P = 0.001 for Mu89, P = 0.026 for U87; Student t test). These results show that cancer cells contribute to the generation of growth-induced stress.
Stromal cells, because they proliferate and contract to remodel the ECM (40) , also apply forces on other tumor components. We, therefore, hypothesized that depleting fibroblasts would reduce growth-induced solid stress. To test this hypothesis, we coimplanted human breast CAFs with murine mammary adenocarcinoma cells in the mammary fat pad of female SCID mice using a method developed previously (41) . To kill the human CAFs, we injected mice with diphtheria toxin. Tumors in which the CAFs were depleted had reduced relaxation and less human vimentin staining-a marker used to identify human CAFs (Fig. 3 A and B and Fig. S12 ). Because CAFs contribute to accumulation of growth-induced stress like cancer cells, we hypothesized that they compress vessels similar to the way that cancer cells compress vessels (17, 18) . Indeed, we found that CAF-depleted tumors had larger mean vessel diameters (Fig.  3C) , suggesting that depleting CAFs can improve perfusion in desmoplastic tumors.
ECM Contributes to Growth-Induced Solid Stress. Another prime candidate for accumulation of growth-induced stress is the ECM, which is composed of collagen, proteoglycans, and glycosaminoglycans (42) (43) (44) . We hypothesized that collagen fibers contribute to growth-induced stress by virtue of the ability of these fibers to resist stretching, thereby confining the proliferating cells. Collagen fibers are also remodeled and pulled by fibroblasts (40, 45) . Collagen resists tensile stress, because it becomes stiffer as it is stretched. This finding is true for both capsular (if present) and interstitial collagen, because the ECM in tumors is extensively cross-linked. Because our model and experiments have shown that tumors are in tension in the periphery and compression in the interior, we expect that peripheral collagen stores more stress than interior collagen. To assess the role of collagen in stress accumulation, we incubated the excised tumors in collagenase or serum (control arm) long enough for the enzymes to radially diffuse one-sixth of the tumors' radii and measured stress levels. We found that the tumor opening decreased with collagenase incubation in three orthotopic models (Mu89, E0771, and 4T1) and one ectopic model (U87) (Fig. 3 D and E and Fig. S11 ). In contrast to collagen, hyaluronan resists compression. Its negatively charged chains repel because of electrostatic repulsion and trap water, forming a poorly compressible matrix. Consequently, we reasoned that, for storing growth-induced stress, hyaluronan in the compressed tumor interior would be more important than hyaluronan in the tumor periphery, which is under tension. To test this reasoning, we first incubated tumors in hyaluronidase like we did with collagenase. Digesting peripheral hyaluronan had no effect on relaxation. However, when we administered hyaluronidase systemically, we found the tumor relaxation to be reduced in two orthotopic models (Fig. 3F) . Indeed, hyaluronidase treatment has recently been shown to decompress intratumor vessels (39) . Therefore, collagen and hyaluronan store growth-induced stress through their ability to resist tensile and compressive stresses, respectively.
Therapeutic Depletion of CAFs Reduces Solid Stress and Increases
Tumor Perfusion. CAFs contribute to the production of collagen, and both of these tumor components contribute to the accumulation of solid stress. Thus, we hypothesized that therapeutic agents that deplete CAFs would alleviate solid stress and decompress vessels. The sonic hedgehog pathway is involved in the generation of the desmoplastic response in pancreatic and other tumors (46) . Moreover, depletion of desmoplasia by targeting this pathway in pancreatic tumors combined with gemcitabine has been shown to enhance survival in mice (47) . To this end, we inhibited the proliferation of CAFs in highly desmoplastic, hypovascular pancreatic tumors with saridegib (IPI-926), which targets and blocks the smoothened receptor and sonic hedgehog signaling (Fig. 4) . Indeed, saridegib treatment reduced growthinduced stress (Fig. 4C ) and opened compressed vessels (Fig. 4 A  and B) . Specifically, saridegib treatment led to a 10% increase in diameter of both blood and lymphatic vessels (Fig. 4D ) and a 47% increase in the fraction of perfused blood vessels (Fig. 4E) . One reason that a small change in vessel diameter can lead to a large change in perfused vessel fraction is that decompressing one vessel can reperfuse several downstream vessels. Because the vessel density did not increase significantly (Fig. 4F) , our work suggests that increased angiogenesis is not required to increase perfusion in hypoperfused tumors. Instead, reducing solid stress can increase the number of functional vessels, and this increase in functional vascular density can lead to increased perfusion, which could enhance drug delivery (48) . This mechanism can also explain, in part, the connection between drug delivery and collagen content reported previously by our laboratory (49) (50) (51) (52) .
Discussion
The presence of growth-induced solid stress in tumors had been suspected, but these stresses had to be estimated using theoretical or computational models (30, 34) . Here, we presented a simple technique to determine the growth-induced solid stress accumulated within a freshly excised tumor and showed that this stress could be reduced by depleting cancer cells, fibroblasts, collagen, and/or hyaluronan (Fig. 5) . Based on our results, solid stress likely develops in two ways in tumors. First, cells generate force during proliferation and contraction. This force is stored as deformations within other cells and the ECM. The matrix is cross-linked to itself in a microstructure, and it links to cells directly through cell matrix and indirectly through cell-cell interactions. Second, because cells within tumors proliferate and create new solid material-cells and matrix fibers-the accumulated material pushes against the surrounding tumor microenvironment. The expansion of the tumor microenvironment is resisted by the surrounding macroenvironment of the normal organ. Because cancer cells proliferate uncontrollably, ignoring contact inhibition signals to stop replicating, their expansion imposes elastic strain on the surrounding tumor microenvironment, storing stress through the deformation of compliant structures and collapsing more fragile structures, such as blood and lymphatic vessels. This solid stress is accumulated within the tumor and maintained even after the tumor is excised. It is this growth-induced or residual solid stress, rather than the stress caused by mechanical interactions with the surrounding macroenvironment of the normal organ, that our technique estimates.
Using this technique, we showed that growth-induced solid stress mediates vessel compression. Compression of vessels by the tumor itself raises an interesting paradox: because tumors need functional blood vessels to supply oxygen and nutrients, why do tumors compress their own vessels? Our hypothesis is that the vessel compression-a hallmark of all solid tumors-could be a mechanism that cancer cells exploit to evade the host's immune response. Immune cells circulate in our body through blood vessels, and thus, vessel compression may reduce their access. Although many immune cells still infiltrate the tumor, hypoxia and acidity-resulting from impaired perfusion-can attenuate their killing potential (53) . Hypoxia also has the potential to convert resident macrophages into protumorigenic cells. In addition, growth factors produced in response to hypoxia (e.g., TGF-β and VEGF) suppress the activity of macrophages and lymphocytes, block the maturation of dendritic cells that process tumor antigens, and present to the immune cells (22) . Furthermore, a harsh hypoxic and acidic microenvironment imposes a survival advantage for more malignant cancer cells, harbors the so-called cancer-initiating cells, confers resistance to cell death by apoptosis and autophagy, and enhances the invasive and metastatic potential of cancer cells (54) . Finally, hypoxia lowers the efficacy of radiation, chemotherapy, and immunotherapy (22, 55) . The compression of vessels also creates two potential barriers to drug delivery. First, the collapse of blood vessels hinders access of systemically administered drugs (56) . This collapse might explain, in part, the fact that tumors with more ECM might be more resistant to treatment. For instance, pancreatic ductal adenocarcinomas, chondrosarcomas, and chordomas are rich in ECM and refractory to chemotherapy (39, 47, 57) . Second, the lack of lymphatic vessel function reduces drainage, leading to uniformly elevated IFP (3, 4) . As a result, the transport of large therapeutics, like antibodies and nanoparticles, is reduced, because the dominant mechanism of transport becomes diffusion, which is a very slow process for large particles and macromolecules (58) .
It is possible that depleting the ECM to alleviate solid stress and decompress vessels could make it easier for the cancer cells to metastasize by either invading the surrounding tissue or escaping through the blood vessels. Similarly, digesting the matrix to open intratumoral vessels and improve blood flow might promote tumor growth by delivering more nutrients to cancer cells. These concerns need additional study, but several observations suggest that therapies able to ease solid stress and improve perfusion and delivery of drugs counteract any protumor effects (29, 39, 47) .
The deformation induced by solid stress is inversely proportional to the tissue stiffness. Indeed, increased tumor tissue stiffness has been linked to tumor incidence and progression (59, 60) . Furthermore, the stiffness of the ECM has been shown to direct stem cell differentiation, cell-cell and cell-matrix adhesion, hyaluronan synthesis, and expression of genes that play important roles in invasion and metastasis (60) (61) (62) (63) (64) . Our technique can be used to determine whether an intervention reduces growth-induced solid stress without measuring the stiffness as long as the experimental group known to be less stiff has a smaller normalized tumor opening. However, to more precisely determine the magnitudes of growth-induced solid stress, measurements of tissue stiffness and growth patterns are necessary.
In conclusion, by developing a simple technique, we showed that it is possible to increase perfusion by alleviating solid stress and thereby, decompressing vessels. It is likely that reducing solid stress would reduce IFP by lowering the venous resistance (9) . However, despite this potential to lower IFP, the antisolid stress strategy is distinct from the vessel normalization strategy, which employs direct or indirect antiangiogenic agents to prune immature vessels and fortify the remaining vessels (1, 21) . Vessel normalization, in contrast, requires the blood vessels to be open and perfused. This fact explains why antiangiogenic agents have failed thus far in desmoplastic tumors such as pancreatic ductal carcinoma, which has abundant compressed vessels and is hypoperfused. However, the antiangiogenic agents might work if combined judiciously with antisolid stress agents that decompress vessels and improve tumor perfusion. Antisolid stress approaches could also be combined with tumor-targeting ligands (65) and matrix-modifying agents (52) to improve drug delivery and efficacy. The easy to implement, simple technique presented here can rapidly test whether certain tumor components contribute to the accumulation of growth-induced solid stress without the need for measurements of material properties in some cases. Additionally, it can serve as a rapid screen for stress-reducing and perfusion-enhancing drugs.
Materials and Methods
Animal and Tumor Models. Tumors were prepared by implanting a small piece (1 mm   3 ) of viable tumor tissue from a source tumor animal into the orthotopic site of a male FVB mouse (AK4.4) or a SCID mouse (other cell lines). The orthotopic sites included the mammary fat pad (mfp), pancreas, and flank. Specifically, we used the following 11 cell lines: human melanoma Mu89 (orthotopic flank), human glioblastoma U87 (ectopic flank), human fibrosarcoma HT1080 (orthotopic flank), human colon adenocarcinoma LS174T (ectopic flank), murine melanoma B16F10 (orthotopic flank), murine mammary tumor 4T1 (orthotopic mfp and ectopic flank), murine mammary adenocarcinoma MCaIV (orthotopic mfp and ectopic flank), murine mammary adenocarcinoma E0771 (orthotopic mfp and ectopic flank), murine pancreatic adenocarcinoma Pan02 (orthotopic pancreas), pancreatic adenocarcinoma Capan-2 (orthotopic pancreas), and murine pancreatic adenocarcinoma AK4.4 (orthotopic pancreas). AK4.4 cells were isolated from spontaneous pancreatic tumors arising in Kras G12 -p53 +/− mice (66).
To grow mouse tumors bearing human CAFs, we adopted our previously used procedure (41) . Female SCID mice were coimplanted s.c. in the mfp with 5 × 10 4 E0771 tumor cells and 5 × 10 5 human CAFs in 0.1 mL PBS (i.e., 1:10 ratio). All animal experiments were done with the approval of the Institutional Animal Care and Use Committee. For each tumor type, 4-12 specimens were used.
Growth-Induced Solid Stress Measurements. When the tumor diameters reached ∼1 cm, the animals were anesthetized by injecting 0.2 mL ketamine-xylazine solution (100/10 mg/kg body weight) i.m. Subsequently, each tumor was excised and washed with HBSS, and its three dimensions and weight were measured. To measure the opening, we cut the tumor along its longest axis (∼80% of its thickness). Then, the tumor was allowed to relax for 10 min to diminish any transient, poroelastic response. We then measured the opening at the surface of the tumor, in the center, and close to the two edges of the cut. Performing preliminary measurements of the tumor opening, we found that, after 5 min, the opening did not change. Thus, we considered 10 min to be sufficient time for stress relaxation. We report the maximum opening at the center of the tumor. We chose the tumor size to be 1 cm; tumors of smaller size (<0.5 cm) often did not exhibit a measurable opening, whereas larger tumors had large necrotic areas, which affected the measurement. Movies S1 and S2 show the technique performed on a tumor and normal mouse kidney, respectively. Stress was calculated from the measured opening using the mathematical model given in SI Materials and Methods. A description of the IFP measurements, piezoelectric probe measurements, treatments to deplete collagen, hyalouronan, and CAFs, immunostaining methods, and statistical analysis can be found in SI Materials and Methods.
